An 11-year-old female receiving treatment for acute lymphoblastic leukemia presented with superior sagittal sinus (SSS) thrombosis. T 1 -weighted, T 2 -weighted, and fluid-attenuated inversion recovery magnetic resonance (MR) imaging, and MR venography showed that the SSS was totally occluded by thrombus. Susceptibility-weighted MR imaging showed hypointense thrombus in the SSS and markedly dilated cortical veins over the bilateral cerebral hemispheres. Two days later, her symptoms had slightly resolved. Iodine-123 N-isopropyl-p-iodoamphetamine single photon emission computed tomography showed marked decrease of cerebral blood flow in the bilateral frontal lobes, indicating that venous congestion had disturbed the cerebral hemodynamics. MR venography showed that the SSS was still mostly occluded, but susceptibility-weighted imaging showed that the dilation of the cortical veins was less marked, suggesting that collateral venous routes had gradually developed. The finding of dilated cortical veins had almost disappeared at 28 days after the onset. Susceptibility-weighted imaging can be used as a non-invasive method to monitor the severity of venous congestion caused by cerebral venous sinus thrombosis.
Introduction
Cerebral venous sinus thrombosis (CVST) is an uncommon disease with potentially serious consequences. 1, 4, 5, 8, 10, 11) The diagnosis of CVST can be most easily established based on the findings of magnetic resonance (MR) venography and T 1weighted, T 2 *-weighted, T 2 -weighted, fluid-attenuated inversion recovery, and diffusion-weighted MR imaging. 4, 8, 10) CVST can also be identified by computed tomography venography and conventional angiography, but MR imaging can directly detect thrombus without requiring contrast medium administration, and MR venography can be performed at the same examination. However, MR venography using phase contrast or time-of-flight methods may misinterpret conditions such as hypoplastic trans-verse sinus or physiological retrograde flow 6) as sinus occlusion. Furthermore, MR venography cannot establish the diagnosis of isolated cortical venous thrombosis. 4) Susceptibility-weighted MR imaging is an extremely sensitive technique to detect magnetic susceptibility changes between blood product and tissues, 1) and was originally developed as a method of high resolution MR venography based on the blood oxygen level dependent effect. 1, 3, 7, 9, 12, 13) Susceptibility-weighted MR imaging shows intravascular venous deoxygenated blood as low signal intensity, so intracranial venous structures that contain deoxygenated blood appear dark, and is also extremely sensitive to extravascular blood products as well as the presence of other substances such as iron, some forms of calcification, and air. Susceptibility-weighted MR imaging is useful for the detection of hemorrhagic lesions, vascular malformations such as capillary telangiectasia, demonstration of venous thrombosis, and calcium or iron deposition in neurodegenerative disorders, [12] [13] [14] and may demonstrate increased oxygen extraction in areas of brain infarction or hypoxemia. 13) Susceptibility-weighted MR imaging is expected to become a diagnostic method for CVST because of the high sensitivity to detect clots and to delineate small cerebral veins, 9, 12, 13) but the usefulness to detect CVST-related disturbance of cerebral hemodynamics is unclear.
Here we present a case of CVST in which serial susceptibility-weighted MR imaging provided important information on the sequential changes in cerebral hemodynamics.
Case Report
An 11-year-old female presented with acute lymphoblastic leukemia, and underwent chemotherapy using vincristine, cyclophosphamide, pirarubicin, and L-asparaginase. Her disease showed remission after induction chemotherapy, but she complained of unusual headache 4 weeks later. She complained of severe headache and numbness of her left upper extremity on the next day, and then developed generalized seizure.
Emergent T 1 -and T 2 -weighted MR imaging, and MR venography (Signa Horizon 1.5T; GE Yokokawa Medical System, Tokyo) showed that the superior sagittal sinus (SSS) was totally occluded by thrombus ( Fig. 1A, B , D). Diffusion-weighted MR imaging demonstrated a hyperintense area in the left parietal lobe with decreased apparent diffusion coefficient (Fig. 1C ). Susceptibility-weighted MR imaging also showed hypointense thrombus in the SSS, and markedly dilated cortical veins over the bilateral cerebral hemispheres ( Fig. 1E , F). The diagnosis was SSS thrombosis associated with venous infarction in the left parietal lobe. She was immediately treated with heparin and anticonvulsant agent.
Two days later, her symptoms had slightly resolved. Iodine-123 N-isopropyl-p-iodoamphetamine single photon emission computed tomography (SPECT) showed marked decrease of cerebral blood flow (CBF) in the bilateral frontal lobes ( Fig. 1G ), indicating that venous congestion had disturbed the cerebral hemodynamics in the frontal lobes. MR venography showed that the SSS was still mostly occluded, but susceptibility-weighted MR imaging indicated that the dilation of the cortical veins had become less marked ( Fig. 1H, I) . Her symptoms had almost resolved at 4 days after the onset, strongly suggesting that collateral venous routes had gradually developed. Twenty days after the onset, 15 O positron emission tomography (PET) showed nor-malized CBF in the bilateral frontal lobes (Fig. 1J ). MR venography showed that the SSS had mostly reopened, and susceptibility-weighted MR imaging indicated that dilation of the cortical veins had disappeared by 28 days after the onset (Fig. 1K, L) . She received oral warfarin. Follow-up MR imaging 2 months after the onset showed old venous infarction in the left parietal cortex (Fig. 1M) . She was discharged from hospital without neurological deficit. She has experienced no further episode of CVST.
Our method of susceptibility-weighted MR imaging used the three-dimensional fast low-angle shot sequence with imaging parameters 49/40 msec repetition time/echo time, 209flip angle, 1 excitation, and 80 Hz/pixel bandwidth. Forty-four 3.25 mmthick slices were acquired with a 240 × 188.6 mm field of view and a matrix size of 448 × 314. The parallel imaging technique was used and the acquisition time was 5 minutes 53 seconds. Susceptibilityweighted images were created using magnitude and phase images. A phase mask was created by setting all negative-phase values to unity, and normalizing the positive-phase values ranging from 09to 1809to a linear gray scale of values from 1 to 0, respectively. This normalized phase mask was multiplied four times against the original magnitude image. Finally, a minimum intensity projection over 2 sections was performed to display the processed data as contiguous 6.5-mm thick sections in the transverse plane. 3) 
Discussion
In the present case, susceptibility-weighted MR imaging demonstrated marked hypointense clots in the SSS and dilated, hypointense cortical veins, supporting the usefulness for the diagnosis of CVST. 13) Serial studies confirmed that the dilated cortical veins gradually normalized after treatment. Susceptibilityweighted MR imaging can be helpful for demonstrating unsuspected thrombosis with a much better resolution than conventional imaging, and can also demonstrate parenchymal brain hemorrhage occurring after venous thrombosis more sensitively than other MR imaging sequences. 13) Susceptibilityweighted MR imaging provides both phase and magnitude information, so facilitates the detection of cortical venous thrombosis. 12) High-resolution oxygen-level dependent venography, which is the same technique, can be used to show sinus and dural venous thrombosis, and major cortical draining veins. 9) Susceptibility-weighted MR imaging may also be useful in monitoring the effectiveness of thrombolytic therapy. 9) Interestingly, the dilated cortical veins started to normalize when the SSS was still mostly occluded in the present case, which may indicate that the venous congestion gradually improved with the development of collateral circulation. Diffusion-weighted imaging, 8) SPECT, 2) and PET 5) are also useful to assess the pathophysiological aspects of CVST, but the treatment efficacy is difficult to evaluate with these imaging techniques. In contrast, serial susceptibility-weighted MR imaging is a non-invasive method to monitor the severity of venous congestion caused by CVST.
Susceptibility-weighted MR imaging has a few limitations. First, small venous structures are difficult to differentiate from small hemorrhage and thrombosis, because the signal characteristics are similar, but discrimination may be possible by using phase information. 12) Second, the relatively long acquisition time of up to 10 minutes leads to a relatively high probability of motion artifacts. Third, any hypointense cortical veins do not really represent the true vascular diameter, and the venous caliber might be overestimated because of the susceptibility effect caused by higher concentrations of intravascular deoxyhemoglobin associated with venous stasis. Further prospective studies are required to confirm the impact of susceptibilityweighted MR imaging as a diagnostic tool for venous congestion caused by CVST in a larger patient population.
The present case illustrates that susceptibilityweighted MR imaging can demonstrate congestion of the cortical veins and sequential changes. Susceptibility-weighted MR imaging is a non-invasive and useful method to monitor the severity of venous congestion by assessing the status of the cortical veins, and can provide additional value to conventional MR imaging and MR venography.
